Abstract-PAI-1 (plasminogen activator inhibitor-1) is a member of the evolutionarily conserved serine protease inhibitor family and a potent and rapid-acting inhibitor of both of the mammalian plasminogen activators. Organismal homeostasis requires physiological levels of endogenous PAI-1, and increased PAI-1 production guides the onset and progression of numerous human diseases and contributes to the multimorbidity of aging. Both chronological and stress-induced accelerated aging are associated with cellular senescence and accompanied by marked increases in PAI-1 expression in tissues. Recent studies suggest that PAI-1 is not only a marker but also a key mediator of cellular senescence and organismal aging. Here, we review the significance of PAI-1 as a bonafide marker, as well as a critical mediator, of cellular senescence associated with aging and aging-related pathologies. Visual Overview-An online visual overview is available for this article. Recently, elevated PAI-1 activity has been implicated in the pathogenesis of major depressive disorders (MDD). MDD is an endemic disease that affects 1 in 20 people. Furthermore, it is well established that depression is tightly linked with cardiovascular diseases. 20 Interestingly, examination of 258 serum markers in patients with MDD revealed that circulating PAI-1 is significantly altered with depression. 20 The levels of PAI-1, along with thrombomodulin and fibrinogen, were also significantly elevated in diabetic patients with depression compared with nondepressive patients and controls. 21 In addition, Savoy et al 22 recently measured elevated PAI-1 levels in patients with MDD. It is interesting to contemplate why elevated levels of PAI-1 consistently correlate with the prevalence of depression. One plausible mechanism could involve t-PA-mediated cleavage of brain-derived neurotrophic factor (BDNF). It is known that t-PA mediates the conversion of inactive pre-BDNF to active BDNF. Although mature BDNF is antiapoptotic to neural cells and is required for normal neuronal function, pre-BDNF is proapoptotic. Because the absence of t-PA or elevation of PAI-1 impairs BDNF processing, it may lead to abnormal neuronal functions and depression. Interestingly, a major antidepressive agent escitalopram also significantly reduces plasma PAI-1 levels.
S
enescence is a coordinated cellular process characterized by permanent cessation of cellular proliferation. Sustained oxidative stress causes DNA damage, which promotes the initiation and progression of cellular senescence, a process termed stress-induced premature senescence. Mitotically active cells exhibit replication-dependent telomere shortening, which leads to permanent growth arrest. Although cellular senescence may serve as a biological brake on rapidly proliferative states, including tumor growth, stress-induced premature senescence accelerates organ and systemic aging. Importantly, senescent cells are metabolically and synthetically active, producing numerous factors that are released locally called senescence-messaging secretome or senescence-associated secretory phenotype. Interestingly, PAI-1 (plasminogen activator inhibitor-1) has been identified as a prominent and bonafide member of the senescence-messaging secretome. 
. The human PAI-1 gene, located on chromosome 7, was later cloned by Ginsburg et al 4 in 1986. PAI-1 is a 43 kDa (≈50 kDa glycosylated) secretory protein that-through potent inhibition of serine proteases tissue-type plasminogen activator (t-PA) and urokinase plasminogen activator-regulates the fibrinolytic system. Both t-PA and urokinase plasminogen activator convert inactive plasminogen (92 kDa hepatic glycoprotein) to plasmin (a serine protease), which then proteolytically cleaves several proteins, including fibrin, components of extracellular matrix, and matrix metalloproteinases. By directly inhibiting t-PA, PAI-1 stabilizes fibrin and thus promotes the formation of lysis-resistant cross-linked fibrin clot. 5 Generation of PAI-1-deficient mice by Carmeliet et al 6 in 1993 and identification of Amish cohort with PAI-1 deficiency because of a premature stop codon in the PAI-1 gene by Fay et al 7, 8 have been pivotal in advancing our understanding of the biological roles of PAI-1. To further explore the consequence of elevated levels of PAI-1 in organismal biology, our laboratory generated the transgenic PAI-1 stab mice line overexpressing human PAI-1 in 2002 9 ( Figure 1 ). We observed that transgenic mice overexpressing PAI-1 developed age-dependent coronary arterial thromobosis, alopecia areata, and systemic amyloidosis. 9, 10 In addition to our transgenic mice, 3 other PAI-1 transgenic mice lines have been developed and described. These include followings: (1) transgenic mice that overexpress native human PAI-1 and develop transient venous thrombosis, abnormal hair growth, and epidermal morphology similar to the phenotypes of PAI-1-stab mice 11 ; and (2) stable mouse PAI-1 12, 13 and native mouse PAI-1 14 transgenics with different phenotypes and viability because of usage of different promoters, developmental stagespecific and ubiquitous expression of PAI-1. Thus, it has been difficult to reconcile the phenotypic differences developed in these different lines of transgenic mice.
Yamamoto et al 15 reported that the levels of PAI-1 increase with age in different tissues and correlate with an increased incidence of stress-induced thrombosis in aged mice. Evidence from numerous studies during the past 3 decades illustrates that PAI-1, beyond its role in fibrinolysis, also regulates numerous pathophysiological processes. These include metabolic syndrome, 16 chronic kidney disease, 17 multiorgan fibrosis, 18 and aging. 19 Recently, elevated PAI-1 activity has been implicated in the pathogenesis of major depressive disorders (MDD). MDD is an endemic disease that affects 1 in 20 people. Furthermore, it is well established that depression is tightly linked with cardiovascular diseases. 20 Interestingly, examination of 258 serum markers in patients with MDD revealed that circulating PAI-1 is significantly altered with depression. 20 The levels of PAI-1, along with thrombomodulin and fibrinogen, were also significantly elevated in diabetic patients with depression compared with nondepressive patients and controls. 21 In addition, Savoy et al 22 recently measured elevated PAI-1 levels in patients with MDD. It is interesting to contemplate why elevated levels of PAI-1 consistently correlate with the prevalence of depression. One plausible mechanism could involve t-PA-mediated cleavage of brain-derived neurotrophic factor (BDNF). It is known that t-PA mediates the conversion of inactive pre-BDNF to active BDNF. Although mature BDNF is antiapoptotic to neural cells and is required for normal neuronal function, pre-BDNF is proapoptotic. Because the absence of t-PA or elevation of PAI-1 impairs BDNF processing, it may lead to abnormal neuronal functions and depression. Interestingly, a major antidepressive agent escitalopram also significantly reduces plasma PAI-1 levels. 23 It is also noteworthy to mention that recently Mamdani et al 24 investigated stress-driven accelerated cellular aging in different brain regions. Telomere length measurement as a parameter of cellular aging reveals that telomere length is significantly decreased in the hippocampus of patients with MDD, suggesting the presence of hippocampal stress-mediated accelerated cellular senescence/ aging. 24 However, other studies suggest that t-PA is involved in acute stress-induced anxiety-like behavior because t-PAdeficient mice are resistant to acute stress-induced anxiety, impaired cognitive functions, and spine loss. [25] [26] [27] The discrepancy in these observations may come from the ability of PAI-1 inhibiting serine proteases other than t-PA in brain. In this context, it is noteworthy to mention that transgenic mice overexpressing urokinase plasminogen activator in the brain eat less and live longer compared with wild-type mice, 28 suggesting further the significance of plasminogen activation system in metabolism and aging process. Therefore, further studies using animal models of MDD are required to establish the direct beneficial effect of pharmacological inhibition of PAI-1 on correction or protection of mice from depression through suppression of cellular senescence and aging in brain.
PAI-1 is a validated marker of cellular senescence. Studies from our own and other laboratories unequivocally indicate that PAI-1 is not a mere marker of cellular senescence but also a key mediator of cellular senescence and a major contributor to the multimorbidity of aging. In this perspective, we discuss the findings supporting PAI-1 as a marker as well as a key determinant of cellular senescence and its implication in organismal aging.
PAI-1 Is a Bonafide Marker of Cellular Senescence
In 1991, Murano et al 29 reported that dermal fibroblasts isolated from patients with Werner syndrome (characterized by accelerated aging phenotypes, including premature hair loss, diabetes mellitus, and osteoporosis) exhibit premature senescence and elevated PAI-1 levels. Given the correlative role of PAI-1 in senescence, Goldstein et al 30 observed that PAI-1 levels are lower in fibroblasts derived from fetal and newborn mice compared with aged mice. Similarly, low passage fibroblasts in culture exhibit lower levels of PAI-1 compared with late passage fibroblasts. 30 Similarly, in senescent and aged endothelial cells, but not in contact inhibition-induced growth arrested early passage cells, PAI-1 mRNA and protein are significantly elevated. 31 Furthermore, endothelial exposure to homocysteine (a nonprotein amino acid) also induces senescence as suggested by decrease in telomere length and increased PAI-1 expression. Interestingly, fluorescence-activated cell sorter analysis of PAI-1-positive cells established a significant positive correlation between elevated levels of PAI-1 and senescence-associated β-galactosidase-positive cells, validating PAI-1 as an excellent marker of endothelial senescence. 32 Next, using a murine model of thrombosis (complete vena cava occlusion), it was observed that plasma levels of PAI-1 are elevated in thrombosed old mice compared with young thrombosed mice or age-matched nonthrombosed mice, establishing PAI-1 as a contributor to the vascular pathology of aging and age-associated thrombosis that is mediated by endothelial senescence. 33 These results further predict that elevation of PAI-1 with age dictates the onset and progression of atherogenesis and thrombosis seen in elderly and in patients with Werner syndrome.
30 Figure 1 . Chronological landmarks in PAI-1 (plasminogen activator inhibitor-1) research since its inception. Landmarks include its discovery, cloning, transgenic mouse development; its role in fibrinolytic system, cardiovascular diseases, metabolic syndrome, and aging. BMI indicates body mass index.
There is additional evidence linking PAI-1 with senescence. Yanaka et al 34 reported that high-passage (p30) HUVECs (in vitro chronological aging) proliferate at a slower rate than lower passage HUVECs (p9). In their study, a majority of high-passage cells were senescent and exhibited upregulation of PAI-1 and cell cycle regulators, including p21. Monocytic adhesion molecule, a known facilitator of atherosclerosis, was also elevated in late passage senescent HUVECs, suggesting that elevated levels of PAI-1 and monocytic adhesion contribute to the cardiovascular events associated with aging. 34 Elevated levels of PAI-1 have also been observed in HUVECs treated with NAD-dependent deacetylase SIRT-1 (sirtuin-1) inhibitor, sirtinol. While SIRT-1 inhibition induces premature senescence and lowers endothelial nitric oxide synthase, its overexpression prevents stress-induced HUVECs senescence (in vitro accelerated aging). Conversely, overexpression of SIRT-1 suppresses PAI-1 and enhances endothelial nitric oxide synthase expression, suggesting that SIRT-1-induced suppression of PAI-1 contributes to the protection from endothelial dysfunction and senescence. 35 Similarly, Chen et al 36 reported that SIRT-1 prevents glucose-induced endothelial senescence in vitro and hyperglycemia-induced vascular cell senescence in vivo. These authors also observed that prolonged (streptozotocin induced) hyperglycemia induces vascular senescence in murine aortas as indicated by increased levels of PAI-1, p53, and p21. In contrast, SIRT-1 overexpression reduced the expression of PAI-1, p53, and p21 and prevented hyperglycemia-induced manganese superoxide dismutase reduction. 36 Taken together, these findings suggest that reduced expression of PAI-1, p53, and physiological levels of induced manganese superoxide dismutase play an important role in vascular protective effects of SIRT-1. The link between elevated PAI-1 and senescence is further strengthened by in vivo observations demonstrating increasing time-dependent expression of PAI-1 in endothelial cells derived from porcine aortic valves. 37 These above reports clearly highlight that levels of PAI-1 are elevated with both chronological and stress-induced aging and support the use of PAI-1 as a senescence bio-marker.
PAI-1 Is a Key Mediator of Cellular Senescence
Although numerous studies correlated elevated PAI-1 levels with cellular senescence and aging, Kortlever et al 38 identified for the first time that PAI-1 is also a key promoter of cellular senescence in vitro. The authors examined the role of p53 and, its target gene, PAI-1 in cellular senescence and found that both p53-and PAI-1-deficient fibroblasts were senescence resistant and proliferate for longer periods when compared with wildtype fibroblasts. More importantly, the authors showed that in the absence of cellular p53, overexpressed PAI-1 is sufficient to induce replicative senescence in fibroblasts, indicating for the first time that PAI-1 is a marker and mediator of replicative senescence. 38 The authors concluded that regulation of cellular senescence by PAI-1 involves PI3K-PKB-GSK3 (phosphatidylinositol 3-kinase-protein kinase B-glycogen synthase kinase 3)-cyclin D1 pathway. In addition, involvement of PAI-1 in transforming growth factor-β (TGF-β)-induced senescence pathway has also been proposed. TGF-β upregulates PAI-1, and overexpression of PAI-1 is sufficient to inhibit keratinocyte proliferation, a cellular stage preceding cellular senescence. 39 Furthermore, the prosenescence effects of TGF-β were blunted with the absence of PAI-1 because TGF-β did not inhibit proliferation of keratinocytes and fibroblasts, predicting that PAI-1 is downstream from TGF-β in affecting senescence. The role of PAI-1 as a mediator of vascular senescence in vivo has been reported from our laboratory because we demonstrated that Nω-nitro-L-arginine methyl ester, an inhibitor of nitric oxide synthase, promotes endothelial senescence and murine arteriosclerosis. We observed that treating young mice with Nω-nitro-L-arginine methyl ester upregulated aortic levels of senescence regulator, p16
Ink4a
. Importantly, pharmacological inhibition of PAI-1 using a small molecule inhibitor TM5441 reduced the induction of vascular senescence as determined by decreased levels of aortic p16
Ink4a and telomere length. 40 In a subsequent report, we showed that Nω-nitro-L-arginine methyl ester treatment also accelerated pulmonary aging, characterized by emphysema, and elevation of pulmonary PAI-1, p21, p53, and p16
. Importantly, inhibition of PAI-1 using TM5441 rescued Nω-nitro-L-arginine methyl ester-induced manifestations of pulmonary senescence. 41 These results suggest that PAI-1 is an important regulator of stress-or hypertension-induced arteriosclerosis, vascular and pulmonary aging.
Next, using a murine model of accelerated aging (klotho hypomorph), we investigated and demonstrated the senescence-promoting role of PAI-1 in organismal aging. Klotho is an antiaging factor, and its deficiency is associated with an accelerated aging phenotype, characterized by shorter life span, arteriosclerosis, emphysema, and neurodegernation. Interestingly, plasma levels of PAI-1 in 8-week-old klotho hypomorphs are 45-fold higher compared with wild-type controls. We showed that genetic deletion of PAI-1 delays features of multiorgan aging, reduces circulating fibroblast growth factor 23 levels (by 98%) and renal expression of p16
, and increases the life span of Klotho-deficient mice. Furthermore, pharmacological inhibition of PAI-1 using TM5441 also delayed the features of accelerated aging. These in vivo observations highlight the pivotal role of PAI-1 in the onset and progression of the multiorgan morbidity associated with aging 19 ( Figure 2) . Similarly, Leibrock et al 42 measured elevated levels of senescence messaging secretome factors, including PAI-1, TGF-β, and p21 in klotho-hypomorphic mice. Interestingly, treatment with NH 4 Cl increased the life span of klotho-deficient mice and decreased expression of TGF-β, p21, and PAI-1, further establishing the role of PAI-1 in the induction of cellular senescence in vivo and accelerated aging. The regulation of senescence by PAI-1 was further confirmed by the observation that recombinant truncated form of PAI-1 (dominant negative) blunts irradiation-induced pneumocyte senescence by competing against and decreasing the senescence-promoting actions of endogenous wild-type PAI-1. 43 A critical question involves the mechanisms that mediate the prosenescent effects of PAI-1. One likely pathway involves the role of PAI-1 in the proteolytic degradation of IGFBP-3 (insulinlike growth factor-binding protein 3). Elzi et al 44 demonstrated that IGFBP-3 is significantly elevated in different stressorinduced senescent MCF7 (Michigan Cancer Foundation-7) cells. Because IGFBP-3 directly stimulates cellular senescence, IGFBP-3 depletion protects against doxorubicin-induced senescence. Importantly, this study identified t-PA as the mediator of the proteolytic inactivation of IGFBP-3. Furthermore, they coupled this critical discovery with the observation that PAI-1 prevents t-PA-mediated proteolysis of IGFBP-3 and induces senescence.
Predictably, depletion of PAI-1 decreases the level of IGFBP-3 and cellular senescence. 44 More recently, using liquid chromatography-tandem mass spectrometry analysis of senescence-associated secretory phenotype and an ingenuity pathway analysis of secretomes, Özcan et al 45 identified that PAI-1-IGFBP-3 is 1 of the 3 key signaling pathways involved in the stressor-induced replicative senescence of mesenchymal stromal cells. Taken together, these consistent findings from disparate laboratories and experimental systems speak to the pivotal role of PAI-1 in induction of cellular senescence through regulation of different downstream senescence-associated secretory phenotypes. Our recent work further illustrates the causative role of PAI-1 in cellular senescence (Figure 3) . 46 In this study, we reported that doxorubicin induces premature cellular senescence in 3 major cell types, including endothelial cells, fibroblasts, and cardiomyocytes. Importantly, inhibition of PAI-1 using small molecule TM5441 decreased doxorubicin-induced cellular senescence as suggested by decreased senescence-associated β-galactosidase staining and cellular levels of IGFBP-3, p21, p16
, and p53. The abrogation of doxorubicin-induced endothelial senescence by PAI-1 inhibitor TM5441 also normalized the levels of PAI-1 mRNA and protein. We hypothesized that senescence-suppressing effects of PAI-1 inhibition are at least partly because of TM5441-mediated reversal of cellular catalase level and reduction of basal and doxorubicin-induced oxidative stress. Importantly, prior studies have documented that overexpression of catalase reduces oxidative stress and cellular senescence. 32 The effect of PAI-1 on catalase and oxidative stress is an unexpected but potentially important topic for further investigation. In this study, we also reported that the effects of PAI-1 extend beyond stress-induced premature senescence. Simply incubating fibroblasts with TM5441 delayed the onset of replicative senescence. 46 These in vitro and in vivo findings consistently indicate that PAI-1 governs cellular senescence by regulating the extracellular proteolysis of senescenceassociated secretory phenotypes and acts as a direct mediator and determinant of cellular senescence in different cell types (Figure 4 ). In conclusion, small molecule inhibitor targeting druggable PAI-1 may be a great promise to increase healthy life span through suppression of stress-induced accelerated or chronological cellular senescence.
How Can We Control Our PAI-1 Levels to Facilitate Good Health?
As summarized above, we now know that elevated levels of PAI-1 ignite the onset and progression of cellular senescence, organismal aging, and age-related morbidities. We also know that pharmacological normalization of PAI-1 level protects against vascular aging, extends murine life span, and reduces cellular oxidative str ess. 9, 19, 40, 41, 46 The next relevant question is the following: can we slow the process of physiological aging in humans by influencing the synthesis and secretion of PAI-1? It is worth mentioning that numerous studies have described the beneficial effects of healthy lifestyle interventions on circulating PAI-1 levels. A recent Chicago area sleep study revealed that levels of PAI-1 are inversely correlated with the quality of sleep maintenance. 47 Similarly, whole-body vibration training and exercise significantly reduce the levels of PAI-1. 48 In 1990, Nilsson et al 49 undertook an interesting study to investigate how dietary habits influence the components of the fibrinolytic system, including PAI-1. The authors observed that consumption of fruits and vegetables was inversely correlated with systemic levels of PAI-1, and study participants who consumed maximum fruits and vegetables show lowest levels of PAI-1. Interestingly, the levels of plasminogen activators are unaltered in these groups. These observations strongly advocate the notion that decreased PAI-1 levels in consumers of vitamin C and fiber-containing fruits and vegetables achieved improvements in fibrinolytic system balance and reduced the risk of thrombosis and other cardiovascular diseases. 49 In addition to consumption of fruits and vegetables, caloric restriction that is a well-recognized longevity intervention across numerous animal species also decreases levels of PAI-1 while increasing t-PA levels. 49, 50 Because dietary caloric restriction and fruit/vegetable consumption are associated with delayed progression of aging and extension of healthy life span, 51 it further advocates beneficial effects of lowering PAI-1 levels (Table) . Given the deleterious effects of high PAI-1 levels, it is encouraging that modest caloric restriction coupled with healthy food consumption, improved sleep habits, and exercise can prevent age-and stress-dependent elevation of PAI-1 and accelerated cellular senescence-associated disorders.
Conclusion and Future Directions
In this perspective, we summarized the science linking PAI-1 with cellular senescence. Furthermore, we discussed recent studies illustrating the role of PAI-1 as an important senescence mediator as genetic deficiency or pharmacological inhibition of PAI-1 is sufficient to forestall cellular replicative senescence and prevent age-related pathology and morbidity in mammals. Therefore, the development of novel small molecule-based therapies targeting normalization/inhibition of elevated PAI-1 provides a novel and rational approach to control cellular senescence and age-associated pathologies, including thrombosis, arteriosclerosis, obesity, diabetes mellitus, organ fibrogenesis, emphysema, and MDD. There is broad acceptance among investigators that PAI-1 comprises an important component of the molecular signature of senescence. Beyond that, recent studies from our own and other laboratories indicate that PAI-1 is not a merely a marker of cellular senescence but also a key mediator of senescence at the cellular level and is also a major contributor to physiological aging. We are currently investigating the role of PAI-1 in aging and age-associated pathologies, including insulin resistance, chronic kidney diseases, and cardiac fibrosis, and testing the effects of novel pharmacological inhibitors of PAI-1 in reversal of PAI-1-associated pathologies in animals and humans. We anticipate that ongoing and future investigations will further establish PAI-1 as a central mediator of organismal aging and provide additional rationale for prospective trials designed to determine the role of specific PAI-1 inhibitors in delaying aging-related morbidity and mortality in humans.
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